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j.2012.09Abstract This paper describes the synthesis of some nano-compounds such as SiO2, Al(OH)3 and
Ca(NO3)2 which can be used in the preparation of nano b-C2S as well as nano C4A3S. The prepa-
ration of b-C2S from nano-SiO2 and Ca (NO3)2 in comparison with traditional materials such as
Ca(CH3COO)2, CaCO3 and silica quartz ﬁred at different temperature has been studied. Also,
C4A3S, can be prepared from nano-materials such as Ca(NO3)2 and Al(OH)3 with pure gypsum
in comparison with Ca(CH3COO)2, CaCO3 and calcined Al2O3. The rate of formation of b-C2S
and C4A3S, can be also studied after ﬁring with chemical and XRD methods. These phases were
obtained by crystallization processing at different temperatures. The formation of these phases
was monitored by measuring the free lime and insoluble residue contents. The results showed that
the extent of formation was found to be much higher with nano-materials as compared to those
prepared in a conventional manner. The prepared belite phase from nano-silica and calcium nitrate
reduces the temperature synthesis to 1150 C. Also the preparation of C4A3S from nano Al(OH)3
and Ca(NO3)2 and pure gypsum ﬁred at 1290 C, was the perfect composition to produced a well
formed calcium sulfoaluminate phase in comparison with traditional materials.
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The extremely ﬁne size of nano-particles yields favorable char-
acteristics because of their high surface area [1]. Application of
nano-materials into the manufacture of cement and concrete
can lead to improve in civil infrastructure [2]. The reduction
in particle size can lead to a more rapid setting and hardening
of cement pastes due to stronger electrostatic attractive forces
and a greater speciﬁc surface. Researchers realized that nano-
particles evenly dispersed in a cement paste will accelerate ce-
ment hydration due to their high activity [3]. In addition, thection and hosting by Elsevier B.V. All rights reserved.
Table 1 Mix composition of the investigated phases.
Symbol Mix. composition of belite phase (b-C2S)
B1 Nanocalcium nitrate + nano-silica (SiO2)
B2 Calcium acetate + nano-silica (SiO2)
B3 Calcium carbonate + nano-silica (SiO2)
B4 Nanocalcium nitrate + quartz
Mix. composition of sulfoaluminate phase (C4A3S)
S1 Nano-calcium nitrate + nano Al(OH)3 + gypsum
S2 Calcium acetate + nano Al(OH)3 + gypsum
S3 Calcium carbonate + nano Al(OH)3 + gypsum
S4 Nano-calcium nitrate + calcined Al2O3 + gypsum
92 T.M. EL-Sokkary et al.nano-particles will ﬁll pores and increase the strength which
leads to improve the microstructure of cement pastes and the
boundary between the cement paste and aggregates in concrete
[4].
There is a growing attention in the synthesis of b-Ca2SiO4
to be used as a cementitious material forced by economic
and environmental concerns. The energy necessary to produce
b-Ca2SiO4 is about 1350 kJ kg
1 [5]. The b-dicalcium silicate
can be prepared at a lower temperature and CO2 emission.
However, the major problem with b-Ca2SiO4 cement that re-
acts very slowly and gives very little strength at the early ages
of hydration. Lower reactivity of b-Ca2SiO4 is due to its higher
thermodynamic stability and dense packing structure. In order
to enhance the hydraulic hardening capacity of belite cements,
numerous methods have been employed to produce highly
reactive b-dicalcium silicate at low temperatures. b-dicalcium
silicate has been prepared by hydrothermal method.
b-dicalcium silicate can be also prepared after ﬁring a stoichi-
ometric mixture of calcium oxalate and amorphous silica at
950 C. On the other side b-Ca2SiO4 prepared from Aerosil,
rice husk as hand aerosol containing 10 wt% ﬂy ash as sources
of silica for reaction with freshly prepared CaO from the
decomposition of CaCO3. Results indicated that hydrother-
mally prepared b-dicalcium silicates are highly reactive even
when low cost products such as rice husk and ﬂy ash, are used
as the starting materials. The high reactivity may be due to the
high speciﬁc surface area of b-Ca2SiO4 [6].
CSACs (Calcium sulfoaluminate cements) are seen as a very
attractive high-performance material. Rapid strength and
durability in aggressive environments make it appropriate to
civil engineering requests. It achieves self-desiccation more
readily than OPC compositions and affords protection against
corrosion to embedded steel, even in cyclic exposure to seawa-
ter. Its high sulfate content makes it practically resistant to sea-
water attack, because its constituent phases are fully sulfated
[7].
In the present paper highly reactive b-Ca2SiO4 has been
prepared from nano-SiO2 and Ca(NO3)2. The preparation of
b-C2S from nano-SiO2 and Ca (NO3)2 in comparison with tra-
ditional materials such as Ca(CH3COO)2, CaCO3 and silica
quartz has been also studied. Also, C4A3S, can be prepared
from nano-materials such as nano Al(OH)3 and Ca(NO3)2
with pure gypsum in comparison with Ca(CH3COO)2, CaCO3
and Al2O3. The rate of formation of b-C2S and C4A3S, can be
studied after ﬁring by the determination of free lime, insoluble
residue contents [8,9] and XRD techniques.
Experimental
Synthesis of the starting materials
Nanosilica was synthesized by acid hydrolysis of sodium sili-
cate using dilute hydrochloric acid. 0.5 N HCl, was added to
sodium silicate slowly with stirring at a temperature of 60 C
at pH between 1 and 2. The solution was stirred at 60 C for
30 min to carry out acid hydrolysis of sodium silicate. The
sol–gel mixture was then well washed to remove all the sodium
chloride formed and dried at 50 C for 3 h [10,11].
Nano-aluminum hydroxide was synthesized from ﬁne
Al-dross (0.1 mm) provided by Misr Company for Aluminum
(MCA) to precipitate ﬁne and pure Al-hydroxide after leachingby dilute commercial HCl solution. It was found that leaching
of Al-dross powder by 1:4 HCl/tap water solution for 8 h at
100 C yields a ﬁltrate containing maximum Al3+-ions
(.60%) for precipitation of pure Al-hydroxide gel in the
HCl-leaching ﬁltrate by 1:1 commercial ammonia solution at
pH . 8 [12].
The synthesized nano-silica and Al-hydroxide particles
were investigated by the X-ray ﬂuorescence (XRF), X-ray dif-
fraction (XRD) and transmission electron microscopy (TEM).
Calcium nitrate was prepared by the addition of nitric acid
(1:1) to calcium carbonate and stirred until all calcium carbon-
ate was dissolved. The mix was evaporated at 60 C until solid-
iﬁcation [13]. The powder was dried at 50 C for 24 h then kept
in a desiccator ready for mixing.
Preparation of (b-C2S) and (C4A3S) phases
Belite (b-C2S) was prepared from nano-silica (SiO2) and
Ca(NO3)2 or traditional materials such as calcium carbonate,
calcium acetate and quartz in the proper molar ratio. The
dry constituents were mechanically mixed for 1/2 h in a porce-
lain ball mill using two balls to attain complete homogeneity,
then ﬁred at different temperatures as 900, 1000, 1100, 1150,
1200 and 1250 C for 2 h, ground and kept in airtight contain-
ers until for the experimental work.
Calcium sulfoaluminate (C4A3S,) was prepared from the
nano Al(OH)3, Ca(NO3)2 and pure gypsum (CaSO4Æ2H2O) in
the proper molar ratio in comparison with traditional materi-
als such as CaCO3, Ca(CH3COO)2 and calcined Al2O3. The
dry constituents were mechanically mixed in a ball mill or
1/2 h to attain complete homogeneity, then ﬁred at 900,
1000, 1100, 1250 and 1290 C for 2 h, ground and kept in
airtight containers. The dry mixes compositions of the investi-
gated phases are shown in Table 1.
Results and discussion
Composition of the starting materials
The chemical composition of the synthesized nano-silica and
nano-aluminum hydroxide is shown in Table 2. The results
of XRD and TEM of the synthesized nano-SiO2 particles are
represented in Figs. 1 and 2, respectively.
According to the results of Figs. 1 and 2, the obtained
nano-SiO2 is a highly disperse and amorphous material with
crystallite size of 13 nm and very high surface area
Table 2 Chemical oxide composition of synthesized materials, (wt.%).
Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O L.O.I
Nano-silica 87.59 0.52 0.09 0.53 0.13 0.02 1.44 0.08 9.60
Nonoaluminum hydroxide 1.34 56.73 1.98 0.89 0.06 2.31 0.07 0.03 36.40
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Fig. 1 XRD pattern of nano-SiO2.
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Fig. 3 XRD pattern of aluminum hydroxide.
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hydroxide revealed by X-ray diffractogram (XRD) and TEM
micrograph are shown in Figs. 3 and 4, respectively. These ﬁg-
ures show that ultra-ﬁne gibbsite and bayerite are the major
phases of the aluminum hydroxide with weak degree of crystal-
linity. The crystal size of aluminum hydroxide is 38 nm with
a very high surface area (110.5 m2/g) [12].
Extent of formation of b-C2S
X-ray analysis
The variation of the extent of formation of b-C2S (belite) from
nanosilica (NS) and nanocalcium nitrate (CN) with ﬁring tem-
perature is represented in Fig. 5. The XRD patterns show the
appearance of belite and portlandite peaks at 1000 C. The
appearance of the main diffraction intensity for b-C2S atFig. 2 TEM diagra1000 C conﬁrming that the formation of this phase starts at
lower temperatures. The results of Fig. 5 revealed also that
the intensity of b-C2S peak is well emphasized at 1150 C
and then decreases at 1250 C. The progresses in crystallinity
of belite phase is due to that with nano-particle size of NS
and CN, the speciﬁc surface area and the number of atoms
in the surface increase quickly. Owing to atoms in surface of
nano-particles not only being full of other coordinate atoms,
there are a lot of free and unsaturated bonds or residual va-
lence forces in the surface which lead the particles to be in
an unstable state of thermodynamics [14]. The higher speciﬁc
surface of the reactants, therefore, the chemical reaction took
place at a relatively higher rate at lower temperature. This
reaction is approximately summarized as [15]:
CaðNO3Þ2 ! CaOþ 2NO2 þ 1=2O2ms of nano-SiO2.
Fig. 4 TEM diagrams of nano-aluminum hydroxide.
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Fig. 5 XRD patterns of mix B1 ﬁred at 1000, 1150, 1250 C.
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Fig. 6 XRD patterns of mixes B1, B2, B3 and B4 ﬁred at
1250 C.
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In addition, the smaller the particles size the stronger the
electrostatic attractive forces which increase the rate of the
reaction. On the other side, the intensity of b-C2S peak highly
decreases at 1250 C due to the formation of wollastonite
(CaOÆSiO2) at higher temperature at the expense of b-C2S.
Wollastonite is formed from the reaction of two moles of b-
C2S to form some C3S with wollastonite CS.
2 b-C2S! C3Sþ CS
This indicates that the annealing temperature at 1150 C
represents the optimum temperature to form belite. According
to Kurdowski et al. [5], the energy necessary to produce b-C2S
is around 1350 kJ/kg. The results of the present work reveal
that the energy consumed to form b-C2S has been reduced
by 14%.
The XRD patterns of mixes B1, B2, B3, B4 ﬁred at 1250 C
are shown in Fig. 6. Samples ﬁred at 1250 C show the appear-
ance of portlandite (CH), belite (b-C2S), quartz, wollastonite
and calcite (CC). The intensity of b-C2S peak increases and
that of CH peak decreases gradually from mix B4 to mix B3ﬁred at 1250 C and completely consumed with mix B1. This
is due to the higher speciﬁc surface of the reactants of mix
B1 such as NS and CN which leads to a high activity and
the chemical reaction occurs quickly. It can be also noticed
that, mix B3 shows higher intensity of CH and C C than mix
B2, due to that calcium acetate has the unique property to
calcine than that of calcium carbonate, forming highly ceno-
spheric particles, with thin and porous walls, resembling
‘‘pop-corn’’-like structures. The high porosities exhibited by
these particles greatly increase the sorbent utilization [16]. It
must be taken into account that at 900 C the samples were
black. This fact indicated the presence of carbon, and some
of the organics most likely remained within the solid matrix
although they represent negligible amounts in weight. At tem-
peratures above 1000 C, the residues became progressively
lighter, indicating some progress of pyrolysis, and/or gasiﬁca-
tion of the carbon and organic compounds remaining in the
sorbent. On contrary, the residues were white for the other
temperatures, indicating complete combustion of the carbon
and organic compounds. The reaction goes as follows:
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CaCO3 ! CaOþ CO2
2CaOþ SiO2 ! Ca2SiO4
According to Steciak et al. [17], as the weight percentage of
organic hydrocarbons in the molecule increases, the surface
area also increases. This indicates that the surface area ob-
tained for CaO formed by ﬁring of calcium acetate is higher
than that obtained with other natural calcium-based materials
as limestone [18]. Thus, small particle sizes, high porosities and
internal surface areas, as well as existence of large feeder pores,
are desirable to reach high sorbent utilization [2]. Meanwhile,
the high intensity of calcite peak in ﬁred mix B3 is due to the
presence of unreacted calcium carbonate and the temperature
was not enough to complete the reaction at 1250 C. On the
other side, mix B4 shows a high intensity of quartz and port-
landite peaks. This is ascribed to that quartz is crystalline
phase. This phase has lower surface area than that of the
amorphous structure therefore, the reactivity of quartz is very
low and the reaction between quartz and free lime is very slow.
Evidently, mix B1 forms wollastonite at the expense of some b-
C2S at 1250 C.
Free lime content
The results of the X-ray diffraction of the different composi-
tions of b-C2S obtained by ﬁring of mixes B2, B3 and B4 at
various temperatures illustrate the presence of residual lime.
This may be due to the relatively lower reactivity of one of
the reactants or the slight decomposition of some b-C2S with
cooling. Therefore, the free lime contents of the ﬁred mixes
are determined to show the residual or unreacted lime. The free
lime contents of the different compositions of b-C2S as a func-
tion of ﬁring temperature are graphically represented in Fig. 7.
The free lime content of mix B1 decreases with increasing
treatment temperature and completely consumed at 1200 C.
This is mainly due to the higher speciﬁc surface area of NS900 1000 1100 1200 1300
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Fig. 7 The free lime contents of mixes B1, B2, B3 and B4 as a
function of treatment temperature.and CN which leads to a higher reactivity thus the rate of
the reaction increases. Meanwhile, the free lime content of
all mixes decreases with increasing temperature which is re-
lated to the formation of b-C2S phase.
On the other side, the free lime contents decreases gradually
from mix B4 to mix B1. This is ascribed to the lower surface
area of calcium acetate and calcium carbonate, quartz (as com-
pared with nano-silica and calcium nitrate) which leads to a
lower rate of reaction and the presence of higher free lime con-
tents. It is obvious that belite prepared from calcium carbonate
in mix B3 shows higher CaO content than the other samples at
900 C due to the calcinations of CaCO3 which needs more
heat energy than CN and CA. Mix B4 also shows a higher con-
tent of free lime as compared with mix B1, B2 and mix B3
which related to the lower activity of quartz as a result of its
high crystallinity, which cannot be easily attacked with CaO
obtained from the decomposition of calcium nitrate [18].
Insoluble residue content
The insoluble residue contents of b-dicalcium silicate samples
obtained by ﬁring of all mixes as a function of temperature
are graphically plotted in Fig. 8. The results demonstrate that
the insoluble residue contents of all mixes decrease with
increasing treatment temperature. As the treatment tempera-
ture increases the reaction between silica and free lime in-
creases forming b-C2S and accordingly the insoluble residue
content decreases. Generally, the insoluble residue contents de-
crease progressively from mix B4 to B1. It is clear that the par-
ticle size is a key factor, which signiﬁcantly affects the kinetics
of the chemical reaction. Furthermore, with the increase of the
speciﬁc surface and the number of atoms in the surface, the
reactivity of the reactant increases and accordingly the insolu-
ble residue contents decrease.
On the other side, mix B1 has no insoluble residue at
1200 C as related to the fast reaction of nanosilica with cal-
cium nitrate producing b-C2S. The results show that mix B2
shows higher value of insoluble residue than that of mix B1
and completely disappeared at 1250 C. Also mix B4 illustrates900 1000 1100 1200 1300
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Fig. 8 The insoluble residue contents of mixes B1, B2, B3 and
B4 as a function of treatment temperature.
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Fig. 10 XRD patterns of mixes S1, S2 and S3 ﬁred at 1290 C.
96 T.M. EL-Sokkary et al.a slight decrease in the insoluble residue contents with the ﬁr-
ing temperature. This is ascribed to the presence of crystalline
quartz in mix B4. Furthermore, the lower surface area of
quartz in comparison with that of nanosilica leads to low activ-
ity of quartz and consequently, a slow rate of the reaction.
Meanwhile, mix B3 indicates a higher insoluble residue than
that of mix B2; this is related to the development of the pore
structure and the surface area developed by Calcium acetate
during calcinations leading to a faster rate of reaction. More-
over, mix B3 shows higher insoluble residue contents than
those of mixes B1 and B2 due to the low rate of calcinations
of CaCO3 as revealed from the free lime content. These results
are in a good agreement with those obtained from XRD
results.
Extent of formation of C4A3S
X-ray analysis
The change of the extent of formation of C4A3S, from nano-
aluminum hydroxide (NAH), calcium nitrate (CN) and pure
gypsum with ﬁring temperatures is represented in Fig. 9. The
XRD patterns of mix S1 show a high intensity of calcium sul-
foaluminate (CSA) peaks and an hydrite peak. The intensity of
calcium sulfoaluminate peaks increases with increasing tem-
perature due to the reaction between (NAH), (CN) and pure
gypsum. On the contrary, a gradual reduction in the anhydrite
peak was decreased with increasing temperature.
The XRD patterns of mixes S1, S2, S3 ﬁred at 1290 C are
seen in Fig. 10. The ﬁgure illustrate that mix S1shows a high
intensity of calcium sulfoaluminate attributed to the ultraﬁne
structure of NAH and CN which have a high speciﬁc surface
area with increased reactivity. It pointed out the smaller the
particles size the stronger the electrostatic attractive forces
which increase the rate of the reaction [19]. For this reason,
the nano-particles, such as NAH and calcium nitrate, have
high surface energy; and atoms in the surface have a high
activity, which facilitate the atoms to react easily on outer
ones. In addition, the signiﬁcant conversion of gibbsite/baye-
rite to boehmite will occur at temperatures above 80 C.
Boehmite (AlOOH) is an important precursor because the heat
treatment of boehmite produces a series of transition10 20 30 40 50 60
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Fig. 9 XRD patterns of mix S1 ﬁred at 1000, 1250 and 1290 C.aluminasfroms, which exhibit high surface areas and thermal
stability. This nano-boehmite contains a large amount of
water. When water is eliminated by heating, an increase in
the speciﬁc surface area is observed. Though, the conversion
into transition alumina can begin from 200 C [20]. It is clear
that the intensity of calcium sulfoaluminate peaks in mix S2
is higher than those of mix S3 which is related to the reasons
mentioned before. On calcination of CA, it forms highly reac-
tive particles, with porous walls resulting in an increase in the
surface area and consequently the reactivity increases [16].
The XRD patterns of mixes S2, S3 and S4 ﬁred at 1250 C
are seen in Fig. 11. The results indicate that mixes S2 and S3
have the same behavior as in 1290 C. Also mix S4 shows a
high intensity of calcium aluminate (grossite) peak which is
overlapped with calcium sulfoaluminate peak. This is basically
due to that mix S4 contains calcined aluminum oxide which
composed of highly reactive ions. These ions can react with10 20 30 40 50
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Fig. 11 The XRD patterns of mixes S2, S3 and S4 ﬁred at
1250 C.
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Fig. 13 The insoluble residue contents of S1, S2, S3 and S4 as a
function of treatment temperature.
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fast reaction forming calcium aluminate at the expense of the
formation of calcium sulfoaluminate. It should be mention
that the chemical analysis of mix S4 indicated the presence
of insoluble residue up to 1290 C. This may be due to the
presence of free alumina which related to the incomplete
homogeneity of the starting mix.
Free lime content
The free lime contents of the different calcium sulfoaluminate
sample as a function of ﬁring temperature are graphically rep-
resented in Fig. 12. The results of Fig. 12 illustrate that the free
lime contents of all mixes decrease with the increase of ﬁring
temperature as a result of formation of calcium sulfoaluminate
phase. It is clear that mix S3 shows a high content of free lime
ascribed to the presence of a high amount of undecomposed
CaCO3 upto 1000 C. Meanwhile, mix S1 shows a low free
lime content compared with mix S2 and S3. This related to
the high surface area of the nano-materials used in the prepa-
ration of sulfoaluminate phase. On the other side, mix S4
shows the lowest values of the free lime contents in relation
to the other three mixes. This may be due to the reaction of cal-
cined alumina with CaO to form calcium aluminate.
Insoluble residue content
The insoluble residue contents of mixes S1, S2, S3 and S4 as a
function of treatment temperature are graphically plotted in
Fig. 13. It is shown that the insoluble residue contents decrease
with increasing temperature for all mixes. Mix S1 shows low
content of insoluble residue and completely consumed at
1250 C where it contains about 1.2%, 0.8% and 0.2% insol-
uble residue at 900, 1000 and 1100 C respectively. This means
that mix S1 is the perfect composition to synthesis sulfoalumi-
nate phase.
On the other hand, although mix S4 has no detection of free
lime at 1100 C, it shows the highest insoluble residue up to
1290 C. Mix S3 indicates higher insoluble residue contents
as compared with mixes S2 and S1; this is attributed to that
calcium carbonate needs more heat energy to react and conse-
quently, the rate of the reaction between calcium carbonate,
aluminum hydroxide and gypsum is slow.900 1000 1100 1200 1300
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Fig. 12 The free lime contents of S1, S2, S3 and S4 as a function
of treatment temperature.Conclusion
This paper describes the synthesis of nanosilica, aluminum
hydroxide and calcium nitrate. These nano-materials were
used in the preparation of belite and calcium sulfoaluminate
phases. It can be concluded from the above ﬁndings:
 The synthesized nano-silica and nano-aluminum hydroxide
from sodium silicate and aluminum dross produced extre-
mely ﬁne size particles (about 13 nm and 38 nm) with high
reactive phenomena because of their high surface areas.
 Belite clinker prepared with nanosilica and calcium nitrate
reduces the temperature synthesis to 1150 C compared to
that consumed with traditional materials.
 The preparation of calcium sulfoaluminate from nano-
materials such as aluminum hydroxide, calcium nitrate in
addition to gypsum show that these materials are favorable
in producing this phase with consumption of low energyReferences
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